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Abstract 
The objective of this thesis was to explore the capabilities and limitations of a 
newly developed imaging technique which is based on the special optical properties of a 
photonic crystal for imaging live cells. The imaging instrument utilizes a monochromatic 
angle-tunable illumination to achieve resonant conditions within the crystal sensor in 
order to image cells by their higher reference index than the surrounding media. Due to 
evanescent decay, detection of cell matrix is restricted within 100 nm of the sensor 
surface, allowing detection of cell attachments without bias due to diffraction or 
absorption by cellular organelles. This work demonstrates the new capabilities this 
technique offers.  
Human hepatic and pancreatic cancer cells were imaged at different time points 
after settling in order to visualize the growing attachment. Induction of apoptosis 
demonstrated the capability of a pixel-by-pixel analysis of adhesion strength within a 
single cell as response to drug administration. Cardiomyocytes derived from rat 
embryos were used to illustrate the ability of the technique to study the effects of 
substrate composition on cell attachment and contractility. Finally porcine adipose 
derived stem cells were employed to show the capacity to estimate the progress of 
differentiation by a change in attachment strength.  
In summary the new technique is capable of visualizing dynamic cell attachment 
with a pixel resolution of 0.8 µm. The label-free aspect of PCEM enables the study of 
cell-ECM attachments in the context of cell growth, locomotion, differentiation, and 
apoptosis and allows direct comparison between bright field and PCEM images, 
allowing correlation of cellular morphology with changes in attachment density. This 
combination of capabilities identifies PCEM as an ideal technique for the study of cell 
attachment in many contexts, including wound healing, cell culture optimization, stem 
cell differentiation, and cancer metastasis. 
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Chapter I: Introduction 
Scientists have always sought to understand the principles that govern our world 
by observing the processes occurring in nature. With the invention of the light 
microscope it was for the first time possible to take a look at objects smaller than what 
the eye can resolve. From its very early beginnings in the late 16th century light 
microscopy was used to investigate living matter and already in the 17th century were 
cells discovered as the building blocks of tissues.  
Over the past four centuries up to today light microscopy has played a pivotal 
role in elucidating the functioning of living matter. Images reveal crucial information on 
the object under investigation and allow observing how cells divide and proliferate. 
Although the basic principles are known today, we are just beginning to see the full 
complexity of cellular live on a molecular level. Particularly the interaction of cells with 
their environment is crucial to comprehend in order to develop new drugs and 
treatments for the multiple diseases whose molecular mechanisms are still not fully 
understood yet. For example, although the morphology and some of the molecular 
mechanisms of cell locomotion are well known, the factors that trigger a malignant cell 
to leave the tissue and migrate remain elusive [Mayor 2010]. Assays with live cells have 
therefore become increasingly important for pharmaceutical and bio molecular research 
in order to develop a fundamental understanding of the factors influencing cell-substrate 
and cell-cell interactions. Cell assays are also preferred today over animal testing for 
ethical reasons.  
For most cell types it is vital to adhere to a substrate in order to function normally. 
Cells adhere to the substrate through so called focal adhesions, which link the cell’s 
cytoskeleton to the extracellular matrix (ECM). Focal adhesions are complex organelles 
with over 50 proteins mediating cell attachment [Zamir 2001]. It is now well understood 
that cell adhesion is more than just a mechanical anchoring to the substratum. The 
ECM and the strength of attachment influence cell growth, differentiation, apoptosis and 
motility [Boudreau 1999] and therefore play an important factor in cell viability, 
development, inflammation, wound healing, and cancer metastasis. Cells have the 
ability to modulate the strength of their focal adhesions in order to respond to changes 
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in the environment, such as stimulants, cell toxins or shear stress [Bershady 2007]. The 
anchor points are highly dynamic and are constantly broken down and reformed 
especially during cell proliferation and locomotion. [Zaidel-Bar 2003]. It becomes clear 
that cell adhesion is a highly complex process which requires elaborate technologies to 
elucidate. Moreover, since the attachment takes place in a very narrow region between 
the cell and the substrate the process is very challenging to image in Situ. Another 
problem is that cells are fragile and highly complex organisms that require at a minimum 
an aqueous medium to simulate their natural environment. This poses a limit on imaging 
principles that can be used. 
Traditional light microscopy offers long-term experimentation on live cells, but at 
the expense of specific and relevant information regarding cell activity and metabolism. 
Current in vitro cell imaging techniques often rely either on cytotoxic stains or 
fluorescent labels to provide highly specific information; both of these techniques 
frequently permanently alter the state of the cell, and often require fixing or isolation of 
the samples to be considered for examination. 
With a better understanding of the interaction of light with matter today a few 
label-free imaging technologies have emerged that specifically probe the surface region 
and therefore provide insight into interactions between the cells and their environment. 
Those techniques rely on changes of the dielectric permittivity when molecules adsorb 
on specially designed nano structured surfaces.  
An imaging instrument utilizing a photonic crystal as sensor surface was recently 
built and promised the capability to image cell attachment in Situ. The objective of this 
work was therefore to test and demonstrate the capabilities of this novel imaging 
technology and to find its limitations and problems for live cell imaging.  
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1.1 Optical microscopy 
Optical microscopy is the basic technique for all imaging purposes where a 
magnification of the object is required. It utilizes white light and a set of lenses that 
magnify the specimen and it can be equipped with a CCD camera for capturing and 
storage of the image. The spatial resolution is limited by the diffraction limit which 
depends on the wavelength, the refractive indices of the materials and the value of the 
numerical aperture of the lens. The lateral resolution is given by  
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where λ is the wavelength of the illumination source, n is the refractive index of the 
media and α the angle of the focused light produced by the objective. Since short, highly 
energetic wavelengths cannot be used for live cells, the options for increasing the 
spatial resolution are very limited. In practice the lowest value obtainable is ~200 nm 
which is sufficient to resolve cell components down to smaller organelles such as 
lysosomes [Petibois 2010]. A variety of instrumental designs offer improvements in 
contrast and image quality. 
The simplest design is used in bright field microscopy. The specimen is 
illuminated from the bottom and the light is transmitted through the sample, magnified in 
a lens and then captured by a camera. Dense areas lead to a higher absorption which 
provides the contrast. Objects therefore usually look dark on a bright background. Since 
most biological samples show poor light absorption, bright field microscopy only 
provides a very low contrast for cell imaging. A higher contrast is achieved in dark field 
microscopy where the specimen is illuminated through a specially sized disk that only 
leaves an outer ring of illumination. The light that passes through the sample is 
excluded and only the scattered light is captured by the camera and produces the 
image. Therefore objects appear bright on a dark background. An improvement in 
image quality especially for 3-dimensional samples such as cells is obtained with 
confocal microscopy. This technique uses a point-illumination and a pinhole in front of 
the detector in order to prevent light that is out of focus from entering the camera. 
Hence, it creates sharper images since light off the focal plane which blurs images in 
bright field microscopy is avoided. This technique also offers the acquisition of 3-
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dimensional images by moving the focal plane stepwise and stacking the 2-dimensional 
images together.  
Optical microscopy uses low intensity light and allows imaging cells in a 
physiological environment. The microscope stage can be equipped with a temperature 
and humidity controlled chamber which enables observing live cells over the course of 
several days. However, optical light microscopy can only image what is visible and that 
is mainly cell morphology. Processes within the cell that do not induce changes in 
morphology or the process of cell adhesion evade light microscopic images. In order to 
make interactions in the cell or between the cell and its environment visible other tricks 
have to be employed. One big leap forward in studying molecular interactions within 
cells came with the ability to label certain cell components with fluorescent dyes. 
1.2 Fluorescent Microscopy 
Fluorescent Microscopy has enabled scientists to look even into the interior of 
cells down to the interaction of large molecules. With the isolation and sequencing of 
green fluorescent protein (GFP) and later development of fluorescent tags with a variety 
of wavelengths a method became available to label target molecules with a reporter that 
fluoresces upon illumination. This allows visualizing protein expression, the distribution 
of target molecules in a cell or the binding of two different molecules. For this purpose 
cells are either transfected with the genes for the fluorescent tags or fluorescently 
labeled proteins are introduced into the cell before imaging. The fluorescent microscope 
utilizes an excitation filter of appropriate wavelength to excite the fluorophore and an 
emission filter to pass only the wavelength of the much weaker emission light which is 
detected by a camera. The regular lenses used for magnification impose a diffraction 
limited resolution to this technique. However, recent developments try to go beyond the 
diffraction limit by employing special objectives in the near field. For more information 
the reader is referred to a review article by Huang (Huang 2009) since this is beyond 
the scope of the thesis.  
A special form of fluorescent microscopy is total internal reflection fluorescent 
microscopy (TIRF). In this technology the fluorescently labeled specimen is placed onto 
a sensor surface which is usually glass and then illuminated with laser light at an angle 
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so as to yield total reflection. An evanescent field is generated at the glass/water 
interface which decays exponentially perpendicular to the surface and therefore only 
penetrates approximately 100 nm into the sample. For this reason only the cell bottom 
close to the sensor surface is captured on the image. Thus, TIRFM enables a selective 
visualization of cell surface regions and can be used to study the interaction of cells with 
the sensor surface. A more detailed description of this technique can be found in 
Axelrod [Axelrod 2001]. A schematic of the instrument design is given in Fig 1.1.  
One large problem of all fluorescent imaging technologies is the requirement to 
label the target molecules with a fluorescent tag [Petibois 2010]. The tag can potentially 
alter the target molecule by blocking a binding site, introducing steric hindrance or in the 
case of live cells affect cell viability. Many of the currently used dyes are known to be 
cytotoxic. Another problem is the laser energy required to excite the fluorophores. In 
order to prevent damage to the cells, it has to be kept low which limits the penetration 
depth. Moreover, the fluorescent dyes often have a short lifetime due to photobleaching. 
Those drawbacks limit the duration of imaging experiments and prohibit longer cell 
assays. 
One approach to decrease damage caused by the laser energy was taken in 
Two Photon Microscopy. In this technology two laser pulses are emitted within a 
femtosecond time scale. Due to the extremely short time span between the pulses, the 
fluorophores absorb two photons before losing the absorbed energy by emitting light. 
The advantage is that a longer, less energetic wavelength can be used to achieve the 
same excitation level and emission wavelength as in single photon microscopy 
[Stephens 2003]. In consequence this technique is believed to be less phototoxic to live 
cells and offers increased penetration depths [Sacconi 2006]. However, there is still a 
time limit on the duration of the experiment and fluorescent labels are required 
introducing an unknown factor into the cell. 
1.3 Surface Plasmon Resonance (SPR)  
In order to circumvent the above mentioned problems and uncertainties 
associated with adding a tag label free optical biosensors have been developed that 
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detect changes in the refractive index which occur when a cell attaches to the sensor 
surface.  
In SPR surface plasmons in nobel metals are excited by illumination with near 
infrared light usually between 630 and 1200 nm. In the most commonly used 
Kretchmann configuration a thin layer of gold (~50 nm) is evaporated onto one face of a 
glass prism. The gold layer is illuminated with polarized light of a single wavelength 
through the glass at an angle so as to yield total attenuated reflection [Steiner 2004]. 
This generates an evanescent wave that travels parallel to the surface. The penetration 
depth depends on the wavelength of the incident light and is on the order of a few 
hundred nm for gold [Smith 2003]. The plasmons are very sensitive to the refractive 
index of the boundary materials and respond with a change in resonance angle where 
molecules are adsorbed on the gold surface. Adsorption events are detected by a 
change in the angle of the reflected light by a single element detector. By functionalizing 
the gold surface with recognition molecules affinity studies between two molecules can 
be performed. Although SPR is usually not as sensitive as fluorescent techniques, the 
capability of studying the interactions between molecules without the requirement of 
labels has resulted in wide spread applications in bio molecular research [Wark 2008].  
SPR was first described as imaging tool by Yeatman and Rosenhausler 
[Yeatman 1987, Rosenhausler 1988]. Instead of detecting changes in the resonance 
angle at a single point the entire surface is scanned by a camera and the reflectivity 
across the sample measured. Adsorbed molecules change the local refractive index 
and become visible in the image. A recent adaptation in the optical design made SPR 
imaging applicable to longterm live cell imaging [Peterson 2009, Yanase 2010]. 
Peterson demonstrated this capability by imaging vascular smooth muscle cells (vSMC) 
on a fibronectin patterned substrate and reports a spatial resolution of 2 µm. Fig 1.2 
shows the principle of SPR imaging and the results by Peterson. Yanase was able to 
image the response to external stimuli within individual cells. One disadvantage of SPR 
is a limited spatial resolution due to lateral propagation of the surface plasmons. In 
addition the requirement to couple the sample to the detector through a prism requires 
cumbersome instrumental design and puts a limit on the imaging area. 
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1.4 Imaging Ellipsometry 
In ellipsometry changes in the polarization of monochromatic light reflected from 
a surface are used to detect inhomogeneinities in a sample. Laser light is passed 
through a polarizer and a retarder in order to obtain elliptically polarized light which is 
used to illuminate the sample at an angle above the critical angle. Upon reflection off 
the sample the state of polarization is changed in dependence on the optical and 
structural properties of the surface, mainly the sample thickness and the reflective 
index. Molecules or cells adsorbed to the surface that change the local dielectric 
permittivity can be detected by a change in polarization of the reflected light. The 
sample can be illuminated either from the top or the bottom through a glass prism which 
makes the instrumental set up similar to SPR. The analogy in design was used by 
Bivolarska et al [Bivolarska 2006] to build a system that combines both techniques 
allowing a direct comparison between the two imaging principles. The combined system 
was successfully used to visualize the growth of bacterial films on a polymer [Marinkova 
2008] where it demonstrated an excellent match between the two images. Fig 1.3 
shows a schematic of the instrumental setups and the images obtained. Whereas the 
lateral resolution that can be achieved with imaging ellipsometry is reported to be 
around 1x1 µm2 its precision in the z-axis is with 0.1 nm extremely high [Petibois 2010]. 
Despite its potential for studying cell attachment it has so far received little attention 
from cell biologists. 
1.5 Photonic Crystal Biosensors 
Another label free technique that measures changes in the refractive index uses 
photonic crystals as substrates. A photonic crystal is a sub wavelength grating structure 
that reflects only a single wavelength upon illumination with polarized white light at 
normal incidence. This is achieved by a periodic arrangement of alternating layers of 
low and high refractive index material imposed on the grating. While the high refractive 
index material serves as guidance layer, the grating selectively couples only a narrow 
band of wavelength into the structure. In sub wavelength gratings only the 0th diffracted 
orders propagate while the higher orders lead to leaky modes which couple energy in 
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and out of the structure. Confined by the guidance layer, an optical standing wave 
develops with an electric field vector normal to the substrate (for a transverse magnetic 
– TM resonance) or parallel to the grating grooves (for a transverse electric – TE 
resonance). This results in the resonant grating effect and produces a narrow band of 
reflected wavelengths when the structure is illuminated by a broad band of wavelengths. 
The wavelength of maximum reflection is called the peak wavelength value (PWV). The 
spectral location of the peak depends on the crystal geometry and the refractive index 
contrast. In consequence molecules attached to the surface that change the refractive 
index can be detected by a shift in the PWV. The evanescent field generated by the 
resonant wave in the grating structure decays rapidly perpendicular to the photonic 
crystal surface and makes the detection sensitive only up to ~ 100 nm above the 
surface. This makes a photonic crystal ideally suited for the detection of cell ECM 
attachment formation, as its dynamic range does not extend far enough into the cell to 
be compromised by intracellular organelles.  
Interestingly the effect of a grating structure on light was already discovered in 
the early 20th century and first described in 1902 by Wood [Wood 1902]. But only 
relatively recently was the potential of photonic crystals of signaling the interaction 
between a molecule and the crystal surface recognized. By illuminating the crystal 
surface with white light the attachment of molecules to the surface can be sensitively 
detected by a spectrometer. This principle was first demonstrated by Cunningham et al. 
[Cunningham 2002 a] by proving that the binding of an antibody to a crystal surface 
functionalized with the antigen can be specifically detected down to 1 µg/ml. The sensor 
surface can be inexpensively fabricated on continuous sheets of plastic which can be 
incorporated into the bottom of microtiter well plates allowing high troughput screening 
[Cunningham 2002 b]. Later it was demonstrated that the sensor surface can be 
designed so as to achieve the highest sensitivity just above the surface where the 
interactions take place [Cunningham 2002 c]. An instrument based on photonic crystal 
biosensors is now commercially available (BIND System, SRU Biosystems, Woburn, 
Ma) and is being widely used for affinity assays [Cunningham 2004 and 2006]. The 
system offers four orders of linearity and a very high uniformity across the sensor 
surface with a coefficient of variation of only 2.5% [Cunningham 2004]. By 
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functionalizing the sensor surface using conventional biochemical immobilization 
techniques, highly specific detection schemes can be achieved for a variety of 
applications such as drug screening or environmental monitoring. 
In order to utilize this principle for imaging purposes, the instrument can be 
equipped with an imaging spectrometer as detector which acquires a spatial map of the 
reflected wavelengths. This process creates an image on a pixel-by-pixel basis with a 
spatial resolution of 4 x 4 µm2 [Chan 2007]. A schematic of the photonic crystal based 
imaging instrument is given in Fig 1.4. Li et al. first demonstrated this novel imaging 
technique in 2004 [Li 2004]. He bonded a photonic crystal to the top of a microscope 
glass slide and spotted immunoglobulins (IgG) from four different species onto the 
surface using a microarray spotter. The circles with 400 µm diameter were imaged by 
their shift in PWV and are displayed in Fig 1.5. After incubating the slide with anti-
human IgG an additional shift in PWV is observed only on the spots containing human 
IgG demonstrating the specificity of the technique.  
Since the photonic crystal biosensor can be used in aqueous solutions this 
technique is amenable for live cell imaging. This was first demonstrated by Chan et al. 
by incorporating a photonic crystal into the bottom of a 96 well plate and imaging human 
breast cancer cells (MCF 7) by a shift in PWV [Chan 2007]. The cells were used to 
screen plant extracts for apoptosis inducing agents. Two of the resulting images are 
shown in Fig 1.6 in order to demonstrate the capability of this technique for live cell 
imaging. The positive response of the cells to one of the plant extract is clearly visible 
by an increased area of shifted PWV. Whereas the resolution of the employed 
instrumental design is not sufficient to resolve processes occurring within individual 
cells, the results show that the technique is a powerful tool for drug screening or 
investigating cell attachment and apoptosis. 
Advantages over the two previously described techniques are an inexpensive 
fabrication method of the photonic crystal substrate as well as its flexible structure 
allowing adaption to standardized formats. Since no coupling to a prism is required as in 
SPR there is no limit to the imaging area.  
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1.6 Figures Chapter I 
 
 
Fig 1.1: Principle of Total Internal Reflection Fluorescence Microscopy using an upright 
microscope. The laser light is focused by an external lens which controls the position of 
the beam. Critical illumination of the sample occurs through a vertically adjustable 
prism. The fluorescent light emitted by the sample is collected in an objective above the 
sample. On the left an alternative configuration utilizing a hemispherical prism is shown. 
This design allows varying the angle of illumination. Image taken from Axelrod, Traffic 
(2001) with permission from Jon Wiley and Sons. 
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Fig 1.2:  The principle of SPR imaging is shown at the top. In this design the laser 
illumination occurs through a prism at the bottom of the sample. This facilitates the 
assembly of an environmental chamber for maintaining cells under physiological 
conditions. The bottom of the figure displays proteins deposited by vascular smooth 
muscle cells (vSMC) imaged with the above instrument. Images taken from Peterson, 
BMC Cell Biology (2009). Reproduction permitted by original publisher BioMed Central. 
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Fig 1.3: The left column shows three imaging principles based on evanescent waves: a) 
SPR in reflection, b) SPR in transmission, c) imaging ellipsometry. On the right images 
of Artrobacter oxydans cells are shown that were obtained with different imaging 
techniques in order to allow a comparison: a) dark field microscopy, b) reflection SPR, 
c) imaging ellipsometry d) transmission SPR. Images taken from Marinkova, Colloids 
and Surfaces B (2008) with permission from Elsevier. 
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Fig 1.4: Principle of photonic crystal based imaging technique. In a) a schematic of the 
instrumental set-up is given. Illumination with white light occurs from the bottom of the 
sample and the reflected light is analyzed by a spectrometer to determine the 
wavelength. The schematics in b) illustrates the crystal design and in c) the resulting 
intensity of the reflected light is plotted as a function of wavelength. Image taken from 
Chan, Apoptosis (2007) with permission from Springer. 
 
Fig 1.5: a) Spots of immunoglobulin of four different species imaged with the instrument 
shown in Fig 1.4 by their shift in PWV. b) additional shift in PWV of the same spots after 
administration of anti-human IgG demonstrating the specificity of this technique. Image 
taken from Li, Sensors and Actuators (2004) with permission from Elsevier.  
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Fig 1.6: Human breast cancer cells (MCF-7) imaged with the instrument shown in Fig 
1.4. a) PWV shift image after cell attachment (top) and after 24 h of incubation (bottom), 
where proliferation results in ∼ 2× increase in the number of attached cells. (b) PWV 
shift images of attached MCF-7 cells before and after 24 h incubation in the presence of 
extract from Sapindus mukurossi demonstrating enhanced proliferation compared to 
non-treated cells. Image taken from Chan, Apoptosis (2007) with permission from 
Springer.  
 
15 
 
Chapter II: Experimental 
The previously described technique based on a photonic crystal substrate 
requires a white light source and illumination at normal incidence. The achievable 
spatial resolution is limited by the resolution of the spectrometer and the power of the 
magnifying lens that images a line from the PC surface into the entrance slit of the 
imaging spectrometer. As a line-scanning technique, the imaging detection system of 
Figure 1.4 is designed for imaging large PC sensor areas (such as entire PC biosensor 
microplates) rapidly at low resolution. In order to maximize spatial resolution, a 
microscope-based novel configuration was designed which utilizes a single wavelength 
and an angle-tunable illumination. Since the wavelength is fixed the intensity of 
transmitted light as function of illumination angle is measured instead. When choosing 
the protonic crystal dimensions appropriately, polarized light of a discrete wavelength 
only couples into the crystal at a certain angle, called the angle of minimum 
transmission (AMT) which results in a dip in the transmission spectra.  
The spatial resolution of photonic crystal based imaging techniques is not only 
limited by the diffraction limit but additionally by the propagation length of the leaky 
mode which depends on the peakwidth of the reflected light. Block et al. demonstrated 
how the spatial resolution can be optimized by tuning the device geometry [Block 2009 
a]. By using a standard photomask and spinning a photoresist layer onto the photonic 
crystal sensor the achieved resolution was determined to be 3.5 µm in the direction 
parallel to the leaky mode propagation. 
2.1 Instrument Description and Methods 
The microscope was built and first described by Block et al. [Block 2009 b] and is 
depicted as schematic in Fig 2.1. The instrument was constructed on the base of a 
modified back-illuminated fluorescent microscope (Olympus BX51WI). The light source 
consisted of a solid state laser with a wavelength centered at 637 nm, a short spatial 
coherence length of and a power of 300 Watt. A short coherence length was chosen to 
avoid interference at off-resonance angles which led to large fluctuations in light 
intensities (see Fig 2.2.). The laser beam is first passed through a half wave filter to 
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align the wave plane with the TE direction of the device and then a neutral density filter 
to allow adjusting the light intensity. A rotating diffuser helps to reduce fringes at the 
imaging plane caused by spatial coherence of the beam. The beam is then expanded 
10 fold by passing it through an aspheric lens and then a collimating lens of 100 mm 
focal length. In order to accurately tune the angle of illumination a mirror is mounted on 
a motorized gimbal mount (Newport) which is attached to a motorized linear stage 
(Zaber). The gimbal mount has an angular resolution of 0.001 degree and moves in 
unison with the linear stage to provide a stationary beam spot at the sample. The 
sample rests on a motorized sample stage (Semprex). After passing the sample the 
transmitted light is magnified in either a 20x objective (N.A. = 0.4) or a 10x objective 
(N.A. = 0.25) and collected with a CCD camera (C9100-13 EM-CCD; Hammamatsu 
Inc.) with 512 x 512 pixel on a 8.19x8.19 mm2 chip. The resulting pixel resolution is 
0.8 µm for the 20x lens. Control of the instrument was given by a custom written 
program based on LabView (National Instruments). 
Data Processing 
In order to generate AMT images scans over an angle range of approximately 2 
degrees about the expected device resonance with a step size of 0.01 were taken. A 
custom written program fits a curve to the intensity graph as function of angle in order to 
find the minimum intensity for each pixel and then assigns the value of the 
corresponding angle to it. The AMT image was then generated by displaying those 
values as a function of position. For statistical analysis of cell attachment, areas on the 
background and on the cells were selected and the means over the pixels within the 
areas calculated. Cell attachment is characterized by the difference between the mean 
of the background and the mean of the cell which is referred to as “angle shift”. The 
standard deviation across a background area was calculated to reveal the variability of 
the device. The standard deviation across a cell reflects variability of the device plus 
degree of attachment. In order to study the variability of attachment within a single cell, 
individual pixels were selected and their intensity versus angle curves examined. 
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Device Fabrication 
The sub wavelength grating structures were fabricated by a replica molding 
process which was described by Cunningham et.al. [Cunningham 2002]. A silicon wafer 
with the negative of the desired grating structure was used as template. A UV-curable 
acrylate modified silicone elastomer (PP1 ZPUA, Gelest Inc.) was sandwiched between 
the wafer and a flat 1 mm thick polyethylene terephthalate sheet (PET). Due to the 
birefringent property of PET the direction of light propagation in the PET had to be 
aligned with the grating direction. The monomer was cured and hardened under a high 
intensity UV lamp (Xenon Inc) for approximately 2 min. Since the polymer preferentially 
adheres to PET the sheet bearing the grating structure can be easily peeled off the 
silicon wafer. The replica was then cut and bonded to 25 × 75 mm2 microscope slides 
using a double sided transparent tape. A layer of SiO2 was deposited onto the replica by 
e-beam evaporation (Denton Inc.) in order to control the peak width. Subsequently a 
layer of ~60 nm TiO2 was deposited onto the device by an RF sputtering process (PVD 
75, Kurt Lesker) with in Situ monitoring of the resonance wavelength by a spectrometer 
to ensure correct resonance conditions. A schematic of the device is shown in Fig 2.3. 
Fig 2.4 presents a scanning electron microscopy image of the device surface. 
The device was then bonded to a six well bottomless microplate using a 
transparent UV-curable adhesive (AC R260-A1 Addison Clear Wave). Before usage the 
plate was thoroughly rinsed and the wells incubated with 70% ethanol. In order to 
promote cell attachment the device surface was coated with poly-d-lysine (PDL) 
immediately prior to plating HepG2 or panc-1 cells. The wells were incubated with a 
100 ng/mL solution in cell grade PBS for 15 min. PBS instead of DI water was used to 
ensure a neutral pH required for pdl attachment to TiO2. For cardiomyocyte culture, 
bare sensor wells remained uncoated while fibronectin- and collagen-coated wells were 
rinsed with PBS before the addition of 2.0 mL of a solution containing 5.0 µg/mL 
fibronectin and 20.0 µg/ml collagen diluted in PBS. Wells were then incubated for 1 h at 
37°C before rinsing three times with PBS. For adipo se-derived stem cell culture, wells 
were rinsed with PBS prior to 1 h incubation with 2.0 mL 25 µg/mL collagen dissolved in 
0.1M acetic acid in ultrapure water at 37°C. Wells were then rinsed three times with 
PBS immediately prior to cell culture.  
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Device geometry and performance 
The strength of the electromagnetic fields and the bandwidth depend on the 
geometric parameters of the crystal, which in turn reflect device sensitivity and image 
quality. Of the electromagnetic wave both vectors, the electric field vector (TE peak) and 
the magnetic field vector (TM peak) can theoretically be used for imaging. The peak 
width determines the intensity differences between background and cell and thus affects 
imaging sensitivity. The peak width mainly depends on the grating depth with deep 
gratings leading to wide peaks and low sensitivity. The TM mode generates a narrower 
peak and provides a better sensitivity than the corresponding TE mode. However, very 
narrow peaks enhance light propagation within the grating structure and lead to 
smearing effects which compromise lateral resolution. A shallow grating depth 
generates stronger electromagnetic fields at the surface and leads to a larger shift in 
PWV or angle, respectively. For a given grating depth the peak width can be modulated 
to some extent by depositing SiO2 onto the grating underneath the high refractive index 
TiO2 layer. The overall device performance is therefore mainly determined by a 
combination of grating depth and SiO2 deposition.  
Varying thicknesses of SiO2 were tried in order to find the optimal layer for the 
available wafers with 25 and 50 nm grating depth. The 50 nm grating depth with SiO2 
layers of up to 200 nm generated TE peaks with width between 9 and 11 nm which 
were too wide to detect changes in AMT caused by cell attachment. Thicker layers of 
SiO2 (above 200 nm) for narrower peaks led to considerable sensitivity losses. TM 
peaks of 4 nm or less allowed a very sensitive detection of cell attachment but suffered 
from compromised spatial resolution due to smearing effects. For these reasons 
devices with a TE peak width of around 5 nm were favored. They can be manufactured 
by using a grating depth of 25 nm with a SiO2 deposition of 200 nm.  
The TiO2 layer thickness determines the spectral location of the peak. The 
deposition was performed so that the device resonance would be approximately 30 nm 
below the laser wavelength which resulted in a resonance angle between 3 and 5 
degrees in an aqueous environment. A resonance angle close to normal incidence was 
desired in order to reduce smearing effects caused by horizontal light proliferation within 
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the guided layer. However, the resonance angle has to be sufficiently above 0 to ensure 
that cell attachment can be captured since the cells shift the angle to lower values.  
The location of the peak and the shift caused by cell attachment for a given 
device geometry can be modeled with RSoft (RSoft Design Group, Inc). Fig 2.5 shows 
on the left the resulting intensity as function of angle for a grating depth of 25 nm and 
60 nm TiO2 deposition with cell media on the surface. The graph on the right plots the 
same curve for areas with cell attachment. For the calculations a refractive index of 1.4 
was assumed for the cells. The graphs demonstrate that cell attachment is expected to 
cause the angle of minimum transmission to shift by approximately -0.1 degrees. 
Device Characterization 
During the sputtering processes of SiO2 and TiO2 respectively, the deposited 
amount on the devices decreases with the distance from the center of the deposition 
chamber. For this reason, devices fabricated at the same time show some variation in 
their properties. In order to predict device performance all devices were characterized 
before usage. For this purpose a transmission set up was used which utilizes a 
polarized white light source as illumination and a spectrometer to detect the intensity as 
a function of wavelength. The location of minimum transmission in air and water were 
recorded as well as the angle required to tune the device to the laser wavelength. At the 
laser wavelength the peakwidth was determined at half maximum (FWHM) as shown in 
Fig 2.6. 
Cell culture 
Cell culture media was obtained from the Cell Media Facility at the University of 
Illinois at Urbana-Champaign. Panc-1 cells, porcine adipose-derived stem cells, and 
neonatal rat cardiomyocytes were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with 10% fetal bovine serum (FBS), 4mM L-glutamine and 100x penicillin-
streptomycin. The HepG2/C3 cells were grown in minimum essential medium (MEM) 
with 10% FBS. All cell lines were grown in an incubator at 37C and 5% CO2 until 80% 
confluence and then passed using trypsin every 2-5 days as necessary. For imaging the 
cells were centrifuged to remove the trypsin and then resuspended in media and plated 
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on the device in a total volume of 2 ml at a density of 4.0-6.0 x 104 cells/mL. Cell 
counting was performed with a hemacytometer (Reichert). In assays lasting over 20 
hours the media was changed before imaging in order to remove dead cells and debris. 
Materials 
PBS (pH 7.4) was purchased from Sigma-Aldrich and trypsin (0.25% + EDTA) 
from Thermo scientific. Staurosporine was purchased from Sigma-Aldrich and dissolved 
in DMSO leading to a concentration of 1mg/ml. The device coatings were poly-d-lysine 
(mol wt 70,000-150,000, Sigma-Aldrich P6407), fibronectin (Sigma-Aldrich F0895) and 
collagen (Sigma-Aldrich C8919). 
2.2 Results 
The principle of image creation is depicted in Fig 2.7 using images of HepG2/C3 
human hepatic cancer cells. The cells were plated as described on the sensor and 
imaged after 24 hours incubation. The left image was taken at an angle below cell and 
background resonance and provides information on cell morphology similar to a regular 
bright field image. The image to the right was captured while the angle of incidence 
satisfied the resonant condition of the device so that the background appears dark while 
transmission through the cells is considerably higher. The red and blue circles in both 
images mark the location for which the intensity is plotted as a function of angle in the 
graph in Fig 2.7. On the very right a false-color composite AMT image displays the shift 
in resonance angle with respect to the background as a function of position. The color 
bar denotes the values of the shift with 0 representing the background average. The 
cells shift the local resonance to a lower value as indicated by the red color. Since the 
AMT image is created from bright field images, the latter ones can be used to validate 
this new imaging technique. By overlaying the AMT with a bright field image the area of 
the cell interacting with the substrate can be compared with the visible area and shape 
of the cell. The excellent match between fig a and c lends proof to the concept of this 
imaging technique. 
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Hepatic cancer cells 
In order to visualize the cell attachment process HepG2/C3 human hepatic 
cancer cells were plated on the sensor surface coated with PDL at a density of ~ 65,000 
cells/well and imaged 1, 2, 4 and 23 hours after incubation. Fig 2.8 shows a full frame 
AMT image of the 1 hour time point. All cells have started with ECM formation as 
indicated by a shift of 0.25 ±0.01 degrees. In order to better track the changes in cell 
morphology over time an expanded view of the area marked with a rectangle at all four 
time points is given in Fig 2.9. The bright field images are displayed in the top row and 
the corresponding AMT images in the bottom row. The AMT images follow exactly the 
changes in cell morphology observed in the bright field images and even track the 
movement of the cell at the top. This excellent match of the AMT and bright field image 
lends strong proof of concept to this imaging technique. With the progression of cell 
attachment over time the areas of ECM formation increase and extend even beyond the 
cell perimeters at the 23 time point. This indicates that the cell areas interacting with the 
substrate are significantly larger than the bright field images imply supporting the utility 
of a label-free surface imaging technique. The three cells forming a cluster are not 
resolved in the AMT image indicating that their areas of attachment overlap. 
While the AMT images in Fig 2.9 were displayed using the default color bar 
setting with an even distribution the setting can be changed in order to emphasize 
differences within a cell. Fig 2.10 shows the same region as Fig 2.9 but with 
manipulated color bar that is sensitive to AMT shift on the cell and insensitive in the 
angle range of the background. In consequence the background becomes smoother 
whereas small AMT changes within a cell become visible. Fig 2.10 demonstrates how 
the AMT shift decreases from the cell center towards the cell perimeter indicated by a 
change in color from dark red trough orange to yellow. All cells display a narrow yellow 
border at their periphery indicating that the attachment is the weakest here. In order to 
exclude the possibility that the lower AMT was caused by light scattering unrelated to 
adhesion strength, a curve analysis was performed for individual pixels displaying a 
yellow, orange and red color, respectively. An expanded view of the marked region is 
shown at the bottom of Fig 2.10 and the selected pixels are marked with black circles. 
The curves for those pixels are given in the graph to the right. All curves display a 
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regular shape and their minima are shifted to each other as expected for the pixel color 
with the red pixels giving the largest shift. This is evidence that the colors displayed in 
the AMT image are true indicators of varying attachment. This method can therefore be 
used to visualize subtle differences in the strength in cell adhesion. 
In order to obtain more statistical data on the progress of cell attachment the 
AMTs were averaged over circular areas on each of the four cells displayed in Fig 2.9 
and compared to the background average. The values are listed in the table of Fig 2.11 
and graphs of the AMTs as function of time displayed next to the table. The trend that 
emerges is that the AMT for the cells increases from 4.71 to 4.75 degrees from normal 
while the background direction is downward from 4.96 to 4.92 degrees from normal 
leading to a decreasing shift with time. Although the AMT image after 23 hours 
attachment implies a possible decrease in shift over the enlarged areas of attachment, 
the observed trend has to be taken with caution since the downward trend of the 
background contributes considerably to the calculated decrease in shift. The standard 
deviation across the background was ±0.01degrees for the 1, 2 and 4 hour time points 
and it increased to ±0.02degrees at the 23 hour time point. Such an increase in 
background noise was a frequent observation in our cell assays and it might be caused 
by protein deposition from the media. Since those depositions lead to a lower 
resonance angle only of the background the AMT shift for cells decreases.  
Pancreatic cancer cells 
The attachment process of hepatic liver cells was compared to that of human 
pancreatic cancer cells. For this purpose panc-1 cells were plated on the sensor surface 
coated with PDL at a density of ~ 100,000 cells/well. The cells were incubated and their 
growing attachment imaged by scanning the device after 1, 2 and 4 hours. The off-
resonance bright field images are shown in Fig 2.12 on the left and the corresponding 
label free images on the right. The bright field image displays a round morphology for 
most cells one hour after attachment whereas the AMT image reveals a beginning 
attachment for a few cells indicated by a shift in the resonance angle of 0.16±0.01 
degrees. At the two hour time point the cells are observed to be interacting with the 
surface as observed by their spread out morphology. All cells observed in the bright 
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field image are now also visible on the AMT and the average shift has increased 
insignificantly to 0.17±0.01 degrees. The changes are more prominent after four hours 
of attachment as manifested in the bright field images in a more elongated cell 
morphology. The AMT image confirms the change in cell morphology and displays 
increased areas of ECM formation. A closer look at the colors of the AMT image reveals 
that large parts of the ECM areas show a smaller shift than at the two hour time point 
and only the very center of the cells retains a shift of 0.17±0.01 degrees averaged over 
four cells. As for the HepG2/C3 cells the AMT images demonstrate an excellent match 
with the bright field images and provide information on the cell area interacting with the 
surface. Compared to the HepG2/C3 cells panc-1 cells seem to attach slower and give 
a smaller shift. Whether the difference in shift is related to a variation in adhesion 
between the cells or caused by varying sensor sensitivity has to be determined by 
replicate experiments. For a preliminary estimation the average shifts for each time 
point over four experiments with HepG2 cells and three experiments with panc-1 cells 
were calculated for either cell type. The data is displayed in the graph in Fig 2.13. 
Whereas the shift for HepG2 cells ranges between 0.17 and 0.25 degrees panc-1 cells 
showed a maximum shift of 0.17 degrees. Since many of the time points were only 
measured once the data is insufficient for a statistical analysis. However, a tendency 
towards a larger shift for the HepG2/C3 was observed. 
In order to better understand the effect of structures within a cell such as cell 
organelles on the AMT image, one individual cell was studied closer by examining the 
intensity as a function of angle for selected pixels. Fig 2.14 shows an expanded region 
of a pancreatic cancer cell after 22 hours of attachment in the bright field mode and at 
background resonance (left two panels). The panel on the right displays the 
corresponding AMT image. A vesicle within the cell is marked by an arrow. In the 
background resonance image the vesicle displays a high intensity in its center and low 
intensities around it. To the contrary the AMT image of the same region does not show 
differences in attachment. Curves for pixels on the vesicle and around it were examined 
and are given in the graph in Fig 2.14. The curve colors represent the intensities in the 
background resonance image. The red and yellow curves are from pixels in the center 
and the blue curves are from pixels around the vesicle. As can be seen all curves have 
24 
 
their minimum at approximately the same angle indicating a similar attachment for the 
examined regions. However, the transmissions vary significantly with the pixels in the 
center having the highest transmission and the pixels around the vesicle showing the 
lowest transmission. This is likely due to light scattering at the vesicle membrane and 
does not indicate variations in attachment. These results demonstrate that the AMT 
image is not affected by areas of higher density whereas the background resonance 
images can be misleading when examining cell attachment.  
In order to demonstrate the ability of this imaging technique to resolve cellular 
changes in response to external stimuli, apoptosis was induced in human pancreatic 
cancer cells. The cells were plated on the device and incubated for 24 hours before 
imaging. Then 10 µl of a solution containing 1 mg/mL staurosporine in DMSO were 
added directly to the well resulting in a staurosporine concentration of 5 µg/mL which is 
known to induce apoptosis within approximately an hour. Apoptosis manifests itself in a 
rounded cell morphology and eventual detachment from the surface. The change in cell 
morphology induced by staurosporine can be seen on the bright field images in Fig 
2.15. The protrusions visible on either side of the cell are lost one hour after treatment. 
The sensor response was analyzed by examining individual pixels chosen from regions 
on the cell center, the cell periphery and outside the cell boundary before and after 
administration. The curves for the selected pixels marked with circles in Fig 2.15 are 
given in the graph on the left. Before treatment the curves for both regions on the cell 
overlap and display an AMT 0.1 degree lower than that of the pixel outside the cell. One 
hour after treatment the pixel residing on the cell periphery presents a curve more 
closely resembling that of the pixel located beyond the cell boundary indicating a 
detachment from the surface at this region. The cell body remains on the surface, but 
causes a smaller AMT shift from background, indicating a weakening of attachment. 
Finally, AMT images display the decrease in attachment across the cell, as indicated by 
a lower AMT shift from background. This provides confirmation that cell attachment 
does not permanently alter the sensor surface but rather presents a transient increase 
in dielectric permittivity for the duration of cell attachment at that location on the 
biosensor. Note that the resonance angles for background and cell shift backwards by 
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~0.07 degrees with the staurosporine treatment due to the higher refractive index of 
DMSO compared to water. 
Stem Cell differentiation 
To demonstrate the capacity of PCEM for label-free assessment of cell 
differentiation, we exposed porcine adipose-derived stem cells to a neurogenic 
induction medium and imaged the cells before and after administration. The induced 
morphological changes are typical of neurogenic differentiation, characterized by 
retraction of the cell body and the development of small, dendrite-like cellular 
projections. These changes were accompanied by a significant reduction in cell 
attachment as determined by a decrease in AMT shift. Images for a selected region 
before and after administration are given in Fig. 2.16. The bar diagram on the right 
illustrates the difference in shift. As the neurogenic induction protocol stimulates 
remodeling of the cytoskeleton and cell attachments, decreased attachment protein 
density is to be expected. The agreement of PCEM with this assertion demonstrates 
that the technique can be used to characterize the progression of stem cell 
differentiation without disturbing the process with fluorescent labels or cytotoxic 
endpoint assays. 
Cardiac myocytes 
Another interesting application of this technique is concurrent monitoring of cell 
physiology, morphology, and attachment protein density. Cardiac myocytes require 
fibronectin-dependent integrin-mediated cell attachments for optimal development and 
contractility [Mikson 2009]. To verify that PCEM is capable of detecting significant 
differences in cell attachment caused by changes in the available ECM substrate, 
primary neonatal rat cardiomyocytes were cultured on an uncoated PC biosensor and 
on a biosensor coated with collagen and fibronectin. At 24 hours the cells were imaged 
and their morphologies and beating rates were recorded. Cells cultured in the absence 
of fibronectin showed a significantly greater frequency of rounded morphology, and 
showed a complete lack of contractility. Cells cultured in the context of both fibronectin 
and collagen, however, showed a significantly greater frequency of stretched 
26 
 
morphology, and exhibited a greatly increased proportion of contractile cells. 
Additionally, contractility was exhibited only among cells showing a stretched 
morphology, supporting the fact that cardiac myocyte growth and differentiation is 
dependent on the presence of fibronectin-dependent cell attachment. AMT shift was 
evaluated over 70-100 pixel regions on and off each cell, enabling local background 
comparisons to be performed for each cell. The AMT images confirmed the 
morphological observations, as cardiomyocytes exhibiting stretched morphology 
showed the greatest amount of AMT shift from background, and significantly greater 
amounts of AMT shift in comparison to their rounded counterparts, independent of the 
coating applied to the sensor surface. Fig. 2.17 shows examples of a well attached and 
a round cell as bright field and PCEM image. The bar graphs on the right demonstrate 
the stastistics of the difference in shift as function of the substrate and morphology. 
2.3 Problems 
During the work with the new technique some problems were encountered that 
affected imaging quality as well as the ability to run long term experiments. The 
developed technology is based on light transmission and therefore entails some of the 
problems associated with passing light through an aqueous complex sample. Any 
defect or foreign object in the light path leads to light deflection and changes in the 
recorded intensity. Small changes in intensity do not interfere with the label-free image 
creation since they do not usually affect the AMT. However, air bubbles moving across 
the imaging frame lead to such low local intensities that they implied wrong AMTs along 
their path which in turn led to streaks in the AMT image. Defects in the grating structure 
cause very bright spots on the image since the light can pass unhindered.  
One major problem was the device stability. The grating is made from an organic 
polymer which showed signs of degradation after exposure to aqueous media over time 
periods of a few days. Cracks often appeared on the surface after 3-5 days and the 
grating structure peeled off making the device unusable. The duration of UV-curing 
during the manufacturing may have an influence on the stability. The optimal UV-
exposure is determined by the light intensity and exposure time and is difficult to 
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determine on the instrument available. Over exposure was found to lead to a brittle 
grating structure that cracks upon slight bending of the PET sheet.  
Another observation that affected long term assays was an increase of the 
background noise usually beginning after ~24 hours. The background resonance angle 
seemed to drift to a lower value in patches across the surface. Those patches might be 
protein depositions on the device surface which would explain the observed drift. In 
addition after ~48 hours small round dot-like objects emerged which dramatically 
disturbed the images. The objects seemed to lie underneath the surface since they 
were out of focus when focusing on the cells. For this reason they caused diffractions 
rings making them larger in the images than they actually were. This effect on imaging 
is illustrated in Fig 2.17 which displays a typical example of images two days after 
seeding cells. Several experiments with different sensor surfaces led to the conclusion 
that the appearance of those dots was related to the higher CO2 concentration in the 
incubator. Devices with cell media left outside the incubator did not show those objects. 
Photos of the sensor surface after exposure to media taken on an inverted bright field 
microscope are shown in Fig 2.18. Since TiO2 is known to adsorb CO2 and form 
carbonates, the dots might be carbonates within the TiO2 layer. Scanning electron 
microscopy images did not give any indications as to the nature of the objects.  
Due to those problems with device stability cell assays were limited to 24 hours, 
at maximum to 48 hours. 
The instrument does not provide an incubation chamber to control temperature, 
humidity and CO2 concentration during imaging. Due to the considerable time the 
imaging process takes from finding the right frame, determining the resonance angle, 
and doing the actual scan, the cells quickly cooled down to a point where their 
metabolism was certainly slowed down. Although this did not critically affect cell 
viability, it led to an interruption of the process under investigation.  
A rather minor problem was the difficulty of finding the exact same frame when 
images were taken at different time points. Although the stage controlling software 
provided positional information, the positions were reset after each initialization making 
this option somewhat unreliable. Markers drawn onto the bottom of the well helped 
finding the correct region but did not offer an accurate pixel alignment. 
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2.4 Figures Chapter II 
 
 
Fig 2.1: Schematic of PCEM instrument. The polarization of the laser light is tuned with 
a ½ half wave plate and the intensity is adjusted by using a neutral density filter. The 
rotating diffuser removes fringes. After passing a beam-expander the light is highly 
collimated and the angle of illumination is modulated by a movable mirror. After passing 
the sample the light is magnified in a 20x objective and collected with a camera. 
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Fig 2.2: Effect of long coherence length on intensity versus angle curve. A long 
coherence length causes wild fluctuations hat can lead to differences in intensities 
between cell and background unrelated to changes in refractive index. 
 
 
Fig 2.3: Schematic of the photonic crystal  Fig 2.4: SEM image of the sensor  
biosensor. surface illustrating the sub  
 wavelength grating structure. 
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Fig 2.5: Simulation of cell attachment using R-Soft. The angle of minimum transmission 
(AMT) is expected to decrease by ~0.1 degree upon cell attachment to the sensor 
surface. 
 
Fig 2.6: Device characterization. The illumination angle is tuned so as to achieve the 
peak minimum at the laser wavelength. Then the peak width at half maximum is 
determined. 
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Fig 2.7: The procedure of image creation: a) off-resonance bright field image, b) image 
captured at background resonance, c) transmission as function of angle for pixels 
marked in images a, b and d with a red and blue circle, d) Resulting false color 
composite AMT image. 
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Fig 2.8: Full frame image of HepG2 cells 1 hour after attachment. Left: bright field 
image, right: AMT image 
 
Fig 2.9: Expanded region of the area marked with a rectangle in Fig 2.8 at four different 
time points. The attachment progress of HepG2/C3 cells is illustrated in the bright field 
mode (top row) which shows changes in cell morphology. The AMT images in the lower 
row exactly follow those changes and visualize the area of ECM formation over time.  
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Fig 2.10: Manipulation of the color map in order to smoothen the background enhances 
subtle changes in attachment within the cell. In the graph the intensity-versus-angles 
curves are plotted for the pixels marked with a black circle. 
 
Fig 2.11: Course of resonance angle over 23 hours of attachment of four HepG2/C3 
cells compared to the background average. Please note that cell 4 is not present at the 
23 hour time point. The table lists the average values with standard deviations and the 
calculated shifts. 
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Fig 2.12: Progression of panc-1 attachment over 4 hours. Left column: bright field 
images, right column: AMT images. The AMT images reveal increasing areas of ECM 
formation especially at the four hour time point. 
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Fig 2.13: Comparison of shift between HepG2/C3 and panc-1 cells. Error bars are 
displayed for those time points where more than one data point exists. 
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Fig 2.14: Analysis of individual pixel on a panc-1 cell in order to investigate effects of 
cell vesicles. While the vesicle marked with a black arrow displays high intensities in the 
bright field and background images (left panels) the AMT is insensitive to cell 
organelles. Selected pixels on the vesicle (red and yellow) and around it (blue) display 
the same AMT as demonstrated by the curves in the graph. 
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Fig 2.15: Treatment of panc-1 cells with staurosporine for apoptosis induction. Before 
treatment pixels on the cell center (blue circle) and periphery (green circle) show similar 
curves and shifts from the background (red circle). When the effects of the drug become 
visible in a more rounded morphology the cell periphery displays a curve resembling 
that of the background. 
 
Fig 2.16: Forced differentiation of porcine adipose-derived stem cells with neurogenic 
induction medium stimulates the production of dendrite-like cell projections (white 
arrows) and retraction of cell bodies. The graph on the right illustrates the decrease in 
shift associated with the induction. 
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Fig 2.17: Cardio myocyte contractility on two different substrates. On both coated 
(fibronectin, collagen) and uncoated sensors, cells exhibiting stretched morphologies 
showed greater AMT shift from background then their rounded counterparts. Contractile 
cells also exhibited greater AMT shift than non-contractile cells cultured on coated 
sensors. No contractility was observed on uncoated PC biosensors at 24h in culture. 
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Fig 2.18: Bright field image after 48 hours of cell incubation on the device. Round 
objects become visible that lie underneath the surface. A few of the multiple dots are 
marked with a red arrow whereas two cells which are hardly visible are marked with 
white arrows. The image clearly illustrates this detrimental effect to cell imaging.   
 
 
Fig 2.19:Device surface after 3 days exposed to media in the incubator (a), the same 
surface after drying (b) shows starting destruction of the upper layer. Device after 3 
days exposed to media but left outside the incubator (c) did not show dots.  
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Chapter III: Outlook 
3.1 Future Directions 
In order to allow cell assays over longer periods of time the problems with device 
stability and poor image quality due to protein depositions have to be addressed. As first 
step the optimal UV exposure for curing the polymer should be determined and tested if 
this increases the stability. Another option would be to work on the coating in order to 
prevent the water from seeping through to the polymer if this is possible at all.  
To become a true live cell in situ imaging technique the instrument should be 
equipped with an incubation chamber to avoid perturbing the cells and to allow 
undisturbed monitoring of cell behavior. With such a chamber processes such as cell 
adhesion, cell apoptosis, stem cell differentiation, chemotaxis or cell locomotion could 
be monitored in the exact same frame over longer periods of time. Especially when cell 
locomotion is monitored, it is crucial to have unambiguous markers on the device that 
can serve as reference points. This could be achieved by incorporating a grid with 
numbers and letters at each crossing into the device between the PET sheet and the 
glass slide. The grid could be made of fine lines that are not even visible in the AMT so 
that it will not compromise the image. The bright field images would then be used to do 
a pixel alignment.  
A very interesting application would be to investigate cell adhesion in response to 
shear stress. It is known that cells can increase the adhesion strength under shear 
stress. If shear stress leads to an increase in AMT shift, this would provide a tool to 
quantitatively relate shift to adhesion strength which has not been done so far. The 
shear stress could be applied by a flow through the incubation chamber or by attaching 
a magnetic bead to a cell and pulling it with a magnet. Once the relationship between 
shift and shear stress or adhesion strength, respectively has been established the 
instrument could be used to examine response to stress either on a large scale for 
many cells at once or on individual parts of a single cell.  
Although the currently achieved resolution is not sufficient to resolve individual 
bacteria, the growth of bacterial films could be visualized. This would allow investigating 
how films grow in response to external stimuli, e.g. in which direction the growth 
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proceeds with respect to stimulants on the device surface. It would also provide insight 
on the strength of bacterial adhesion compared to mammalian cells or other cell types.   
Currently the time resolution is too poor to image fast events such as the beating 
of cardiomyocytes. However, a slower process, e.g. the process of cell division might be 
possible to image and would be interesting to study. With the instrument the points 
where the cell detaches from the surface during division and those parts that remain 
attached could be identified. For this an automation of the acquisition software would be 
advisable so that scans can be taken sequentially in short time intervals. 
3.2 Discussion and Conclusion 
The results shown in this work demonstrate the new capabilities the developed 
imaging technique offers. It visualizes the points where a cell interacts with the 
substrate and therefore allows analyzing cell adhesion pixel by pixel with a pixel 
resolution of 0.8 µm. The laser intensity is low enough to prevent cell damage which 
makes the technique suitable for studying the kinetics and the process of cell ECM 
matrix formation and for examining changes in the ECM during cell locomotion. The 
option of functionalizing the sensor surface with cell amenable coatings provides the 
capability to obtain quantitative data on cell adhesion with respect to different 
substrates. Moreover, the technique also offers to monitor changes in the strength of 
cell adhesion during stem cell differentiation. Compared to existing label-free techniques 
our instrument has the advantage that bright field images are obtained during image 
creation which allows a direct comparison between cell and ECM shape and the set-up 
also provides the option of obtaining fluorescent images.  
As discussed in the previous section, there are multiple applications where the 
instrument would provide valuable information for bio molecular, pharmaceutical and 
clinical research. 
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